Abstract: A compact polygonal active-mirror (PAM) laser with composite Nd: YAG/YAG multithin-disk gain medium has been demonstrated with total internal reflection scheme. Five Nd:YAG thin disks with a neodymium concentration of 0.7 at.% and thickness of ∼0.2 mm were bonded to five different surfaces of a hexagonal YAG substrate. With no heat sink, output power of 1.03 W at 1064 nm and beam quality of M 2 = 1.21 was obtained from a short-cavity oscillator based on the PAM architecture, under an absorption pump power of 2.30 W, with a slope efficiency and optical to optical efficiency of 55.8% and 44.8%, respectively.
Introduction
Since its first invention by Adolf Giesen et al. in 1993 [1] , thin disk laser has been investigated and developed for nearly 25 years in fields of scientific research and industrial applications [2] - [18] .The thin-disk is sometimes called an active-mirror laser when laser reflects on the disk. Due to a high surface to volume ratio of the thin disk geometry, it provides efficient cooling of the gain medium and thus enable high average power as well as good beam quality. Thin-disk lasers with powers from several hundred Watts to several kWs are available [19] - [26] . Such disk lasers are mainly used in welding and drilling and can operate in CW-fundamental and multi-mode operation. In fundamental-mode operation, output powers from several hundred Watts to 4 kW have been demonstrated [19] - [22] . In the multi-mode operation, output powers have been reported from ∼kW to 30 kW [23] - [26] . In the fields of high-speed and high-precision micromachining of materials such as glasses and semiconductors, thin-disk lasers with pulse durations from several picoseconds to a few femtoseconds have been well developed [27] - [29] . Another important application field has been driving the development of disk lasers is the field of ultrafast laser amplification by picosecond laser pumping in strong-fields physics. Ultrafast lasers with pulse duration of several femtoseconds have been demonstrated by picosecond laser pumping based on thin disk laser amplification [30] , [31] .
For thin-disk laser, the small thickness leads to inefficient pump absorption. Efforts have been made to increase the pumping efficiency by a multi-pass pumping schemes [32] - [34] . So far thin disk laser with 44 pumping passes by a parabolic mirror and folding prisms has been demonstrated [33] . Such systems suffer from complexity of installation and alignment of optics. High efficiency can also be realized by diode pumped heavy-concentration Yb:YAG. Furuse et al demonstrated a fiber-coupled diode-pumped 9.8 at. % cryogenic Yb:YAG TRAM (Total-Reflection Active-Mirror) laser with a high optical-to-optical efficiency of 65% [35] . Oscillators and amplifiers based on the TRAM architecture were proposed and studied [36] , [37] , [39] . The zig-zag active-mirror laser employs more gain disks than the traditional TRAM laser and proposes a new way of achieving over 10 kW laser output [36] . The amplified spontaneous emission (ASE) and parasitic lasing effects of such lasers were investigated [38] . Experimental amplifications of ns pulse to energy of 0.5 and 1 J were reported using similar configuration [40] , [41] . The TRAM architecture provides some advantages such as reduction of surface damage and absence of multilayer coating on the active layers. However, such lasers need a cryogenic equipment and add system complexity. In addition, such scheme is not suitable for Nd 3+ gain medium whose concentration is limited by traditional single-crystal-growth technology.
In this paper, a proof-of-concept experiment of highly compact Polygonal Active-Mirror (PAM) laser with no heatsink attachment to the gain medium has been demonstrated by using a composite Nd:YAG/YAG crystal with total internal reflection scheme. Unlike the geometry of TRAM laser, five thin disks can be employed for the PAM laser and thus the design of thickness and doping concentration is more flexible. Besides, any two of the gain disks are not in the same plane and it is possible to repair one disk if it has some flaws or it was damaged during high-power operation. In our experiments, five Nd:YAG thin-disk with a neodymium concentration of 0.7 at.% and thickness of ∼0.2 mm was bonded to five different surfaces of a hexagonal YAG substrate, and each thin disk has a size of 6 mm * 10 mm * 0.2 mm. A TEM 00 Mode laser beam with the CW output power of 1.03 W was obtained at an absorbed pump power of 2.30 W, corresponding to a slope efficiency of 55.8% and an optical-to-optical efficiency of 44.8%. The beam quality M 2 of the output laser was measured to be 1.21. By raising the power of the fiber coupled LD and adopting a thermal balanced gain medium design method, the output power of the PAM laser can be further increased. Fig. 1(a) shows the photograph of a composite Nd:YAG/YAG polygonal active-mirror (PAM) gain medium. Fig. 1 (b) and (c) illustrate the structure of the undoped YAG hexagonal block and the schematic diagram of pump and laser configuration in the PAM gain medium, respectively. The composite Nd:YAG/YAG PAM gain medium was fabricated by CRYSLASER Inc. with a diffusion bonding technique. An undoped YAG hexagon block with five carefully-polished side faces (faces 1 to 5 in Fig. 1(b) ) was first manufactured. The angles between each adjacent side face are 120 degrees. The length of side 2, 3 and 4 are 12 mm. The lengths of side 1 and 5 are 18 mm. The thickness of the undoped YAG hexagon block is 6 mm. Five Nd:YAG rectangular plates were then bonded to the polished side surfaces of the YAG hexagon block, then an ultra-precision grinding technology was adopt to thin the Nd:YAG plates to thin disks with thickness of about 0.2 mm. The sizes of the Nd:YAG thin disk are 10 mm by 6 mm. As shown in Fig. 1(c) , normally incident laser beam on window 1 will be total internal reflected on surface 1, 2, 3, 4 and 5, and finally normally leaves from window 2. Windows 1 and 2 ware coated with anti-reflection(AR) film for 808-nmand 1064-nm laser. Owing to the total internal reflection, there is no need to coat the Nd:YAG thin disks with HR film, which could improve the thermal conductive significantly on the disks. The neodymium concentration of the 0.2-mm thin disk is 0.7 at. % and the absorption coefficient for 808 nm is 3.35 cm −1 (provided by CRYSLASER Inc., the supplier of the Nd:YAG). The total absorption efficiency of pump light for the PAM gain medium can be estimated by the following equation,
The structure of the PAM Gain Medium
where N is the times of the reflections in the PAM gain medium for a single pass of the pump laser, α is the absorption coefficient for 808 nm, d is the thickness of the thin disk and θ is the angle of reflection on the thin disk inside the PAM gain medium. The total absorption efficiency can be calculated to be 74%, giving N = 5, α = 3.35 cm −1 , d = 0.02 cm and θ = 60
• for the PAM gain medium described above. The total absorption efficiency and absorbed pump power with respect to pump diode current was measured experimentally and is shown in Fig. 2 . The average absorption efficiency at different current of the fiber coupled LD is 80%. The actual absorption efficiency is slightly higher than estimated, which may result from the inaccuracy of the thickness of the thin disk. 
Experiment Setup
The lasing performance of the PAM laser was investigated by using a V-shaped plane-plane cavity as shown in Fig. 3 . The flat dichroic mirror (DM) was AR coated at 808 nm and HR coated at 1064 nm. The output couplers (OCs) with different reflectivity of 92% and 95% were used to investigate the gain performance of the PAM laser. The distance between the flat dichroic mirror, PAM gain medium and the output coupler were 25 mm and 20 mm, respectively. The PAM gain medium was end pumped by a fiber coupled LD with a maximum output power of 2.80 W. The center wavelength was 808 nm and the core diameter of the fiber was 100 um with a NA of 0.22. The pump beam from the core of the fiber was collimated by a two-lenses group. The distance between the lens group and the flat dichroic mirror (DM) is 90 mm. The center distance between each thin disk is 10.7 mm. The diameter of pump beam in each thin disk can be worked out according to the propagation principle of optics and the result is shown in Table 1 . The size of the gaussian-profile pump beam was determined using the diameter encircled 86.5% of the total power.
Results and Discussion
The output power as a function of absorbed pump power is shown in Fig 4. The maximum output power of 1.03 W was obtained with an absorbed pump power of 2.30 W. The optical-to-optical effi- ciency and slope efficiency against the absorbed pump power are 44.8% and 55.8% with 95% OC, 33.7% and 50.6% with 92% OC, respectively. The laser output power with both output coupler shows a linear increase at the total range of pump power in our experiment.
Under the maximum total input pump power of 2.80 W, the maximum temperature on the out surface of the PAM Nd:YAG/YAG gain medium rise from room temperature to about 37°C and keeps at 37 ± 0.3°C, which was observed by an infrared thermal camera (FLIR/T655). The output power and efficiency could be improved with a further design of cooling configuration and increasing of pump power. In our design, the input and output window of composite crystal have an aperture of 4 mm * 4 mm. Every thin-disk also allows the beam with size of 4 mm * 4 mm pass and gain. By increasing the pump area and also the pump power, 20 W output power is achievable with the same crystal under a same pump intensity. Further, increasing the size of thin-disk should provide power scaling to higher level. However, active cooling methods should be adopted to remove the heat in the disks when the pump power is increased.
In our experiment, the cavity length including optical path in the PAM medium was about 185 mm. The pump diameter in the cavity was about 1 mm. The Fresnel number was about 1.27. Under this Fresnel number, the single pass diffraction loss for TEM 00 mode is about 10 −4 , and for other high order mode, it is above 2 * 10 −3 . With watt level pump power, the single pass gain was not high enough for the oscillation of high order mode, but several low order modes could start. Therefore, the beam quality can be estimated to be good. 
Thermal Balanced Gain Medium Design
In order to further increase the output power of the PAM laser with high beam quality, the thickness or doping concentration can be well designed. With the same doping concentration, the thermal induced defocus in the first disk is much greater than that in the last one. If on the other hand the doping of each disk is adjusted such that heat disposition is same in every slab, the total defocus can be significantly reduced. The concentration of each thin-disk is determined by two major respect: 1) the total absorption efficiency of the pump source, and 2) the absorbed pump intensity difference between each thin disk. The first respect is to maintain the high total absorption efficiency, and the second respect is to make the heat deposition and temperature rise in each thin disk almost the same. The same temperature rises in each disk minimized the thermal induced stress in crystal. However, the higher absorption efficiency leads to the larger pump intensity difference between the first disk and the last one, therefore, the total absorption length of pump laser should be designed carefully. As an example, a thermal balanced PAM gain medium was designed and the thickness of the disks is set to be the same, i.e. 0.2 mm, only the doping level is carefully designed. The relationship between absorption efficiency and doping concentration can be worked out by (2) , in which σ abs is the absorption cross section and N i is the population density of Nd 3+ ions in the lower initial level from which absorption takes place [42] . Since the population density N i is proportional to the doping concentration, the doping concentration for different absorption coefficient could be estimated using the parameters of 0.7at. % Nd:YAG (α = 3.35 cm −1 for 0.7 at.% Nd:YAG), as shown in Table 2 .
The normalized absorbed power and normalized gain distribution in each disk were calculated and the result was shown in Fig 6. It can be inferred that the both absorptions of pump power and gains along the thickness of every disk are of great uniformity.
Conclusion
In summary, a compact polygonal active-mirror (PAM) laser with composite Nd:YAG/YAG multithin-disk gain medium has been demonstrated. With no additional heat sink, 1.03-W output power of 1064-nm laser was obtained with optical-to-optical efficiency of 44.8% and slope efficiency of 55.8%, and M-squared beam quality value (M 2 ) of 1.21. By adopting an active cooling structure and increasing pump power and thin-disk size, higher output power is possible. Besides, we believe that the performance of PAM laser will be greatly improved by using transparent ceramics with high-doping centration and functional structures. Corresponding results will be addressed in the near future.
